ABSTRACT: Controlling the bulk and surface properties of materials is a real challenge for bioengineers working in the fields of biomaterials, tissue engineering and biophysics. The layer-by-layer (LbL) deposition method, introduced 20 years ago, consists in the alternate adsorption of polyelectrolytes that self-organize on the material's surface, leading to the formation of polyelectrolyte multilayer (PEM) films.
INTRODUCTION
Controlling the bulk and surface properties of materials is a real challenge for bioengineers working in the fields of biomaterials, tissue engineering, and biophysics.
In the field of implantable biomaterials, the bulk properties of materials are known to be important for the overall properties, especially for mechanical strength, but their surface properties have long been recognized as being of utmost importance. 2 The surface of the material is an interface between the material and the host tissue, and it is able to trigger a wide variety of processes, from the initial inflammatory reaction to ultimate tissue remodeling. Considerable efforts are thus devoted toward functionalization of the surfaces of biomaterials used in biomedical applications (typically metals, polymers, ceramics) in order to render them bioactive, that is, able to trigger a specific cell response. 3 Polymeric coatings appear especially interesting because of the diversity of the chemical and physical properties they offer. For instance, polymeric coatings have been employed for the coating of stents. 4 Natural biopolymers appear promising as biomimetic coatings, as a result of their natural similarity to human tissues. A lot of effort is thus dedicated to engineering new forms of biomimetic surfaces. Tissue engineering has grown as a field in its own: its aim is to use a combination of cells, engineering, and materials and, together with suitable biochemical and physicochemical factors, improve the biological functions of damaged tissues (bone, cartilage, blood vessels, skin, etc.) or replace them. 5 Here, a scaffold in combination with cells and appropriate biochemical signals are needed to trigger a specific cell response and lead to formation of a new tissue. Synthetic polymeric materials can be employed as scaffolds when mechanical strength is needed, and hydrogels can be used for soft tissues. 6 Thus, surface modification of the scaffold may provide it with new functionalities.
Lastly, for more fundamental studies on cellular processes, biophysicists have already developed several tools to control the important properties of surfaces: the spatial presentation of the extracellular matrix proteins has been designed using microtechnologies to constrain cells in specific areas, 7 biochemical adhesive ligands have been grafted to surfaces in controlled amounts, 8 and more recently, the mechanical properties of the substrate have been recognized as playing a key role not only in cell adhesion 9 but also in cell fate. 10 Developments are now dedicated to the combined presentation of several stimuli and to the presentation of new types of biochemical ligands playing a role in cell fate, such as growth factors. 11 This would also help to investigate possible synergies between intracellular signaling pathways. Also, the presentation of biochemical stimuli is traditionally performed for cells grown on stiff substrates such as tissue culture polystyrene or glass. Now, the aim is to present them from softer, more physiological substrates.
Several techniques have thus been developed to design thin films at the molecular level, including Langmuir−Blodgett (LB) and self-assembled monolayers (SAMs). As already indicated by Kotov in his review, 12 both present a certain number of limitations and disadvantages. For biological applications, there was thus a need for easier and more versatile deposition methods. The layer-by-layer (LbL) deposition method, introduced by Moehwald, Decher, and Lvov 20 years ago, consists of the alternate adsorption of polyelectrolytes that selforganize on the material's surface, leading to the formation of polyelectrolyte multilayer (PEM) films. 1 The procedure is simple and versatile, as it is possible to control the processing parameters to modulate film growth and internal structure. Thus, the nature of the polyelectrolytes, the nature and number of the functional groups, the pH and ionic strength during assembly, 13 and the substrate used to build the films can be carefully chosen.
14 PEM film fabrication can be performed under mild conditions in an aqueous environment, which is a great advantage when using biopolymers and bioactive molecules. Film growth can be more or less rapid and films can either be stratified or exhibit some interdiffusion, which makes it possible to use them as either barriers 15 or compartments for the loading of bioactive molecules. 16 Importantly, as will be shown below, PEM films appear highly suitable for immobilization of biomolecules with preserved bioactivity. They have emerged as a new type of coating, besides the more traditionally employed self-assembled monolayers and Langmuir−Blodgett films. 17 In fact, the most problematic disadvantage are probably the limited amounts of biological molecules incorporated into Langmuir−Blodgett films due to their limited stability. For self-assembled monolayers, there is a need for the presence of thiols on the substrate (e.g., for only noble metals or silane) in order to deposit them. For PEM films, no expensive equipment is required. In addition, surfaces of various chemistry and shape have already been coated with PEM films. 18 As will be shown below, one of the great advantages of the PEM technology is its ability to preserve the bioactivity of biological molecules and the possibility to deliver large amounts of biomolecules.
For all these reasons, there have been considerable developments in the past 5 years in the field of PEM for biomedical applications. Several reviews that include the biological field have been published. They concern either the internal structure of the films 14, 19 or the applications of PEM films at the nanoscale. 20 These applications can be for controlled erosion using biodegradable polymers, 21 protein inspired nanofilms, 22 biosensors and biomimetics, 12 and drug delivery. 23, 24 In this review, we focus our attention on the design of PEM films as surface coatings for applications in the field of biomaterials, in tissue engineering, and for fundamental biophysical studies. This will include a survey of the chemical and physical properties that have emerged as being key points in relation to biological processes. The numerous possibilities for adjusting the chemical, physical, and mechanical properties of PEM films have fostered studies on the influence of these parameters on cellular behaviors.
We will include the different possibilities for controlling cell behavior by means of film composition, presentation of bioactive molecules, and modulation of mechanical properties. We will focus here on processes that require cell adhesion and will not review the potentiality offered by PEM films in cell transfection 25 or as antimicrobial coatings. 26 Also, because of limited space, we will not review other interesting aspects of controlling cellular processes through spatial organization of cell adhesion (i.e., nano or micropatterning). Spatiotemporal control offers other possibilities 18 that may open up new applications for PEM films that will be presented below.
Through selected examples from the literature, we will show that PEM films have truly emerged as a promising tool for the confinement of bioactive molecules, while preserving their bioactivity and delivering them locally. Very interestingly, these can be achieved via specific noncovalent interactions. By combining the different types of properties of PEM films, it is thus possible to control the early steps in cell adhesion but also longer time scale processes such as cell differentiation and tissue formation. Last but not least, the controlled presentation of bioactive molecules to cells by means of the engineered PEM films offers a new tool for biophysicists who are interested in unraveling the subtle interplay among cell adhesion receptors, growth factor receptors, and mechanotransduction pathways.
ROLE OF FILM COMPOSITION
2.1. Films Made of Synthetic Polymers. 2.1.1. Case of (PSS/PAH) Films. Synthetic polyelectrolytes such as poly-(styrene sulfonate) (PSS, a strong polyelectrolyte), poly(acrylic acid) (PAA), or poly(allylamine hydrochloride) (PAH) have been widely used in cell/film studies. The main advantage of using synthetic polymers is the possibility of adjusting certain parameters, including ionic strength and pH of assembly, to a considerable degree. Furthermore, they are easy to modify Figure 1 . Scanning electron microscopy images of untreated and PEM-treated explanted arteries (A) were occluded and with pervasive thrombus (A2) after 1 week of implantation. When the artery was treated with a (PSS/PAH) film (C), the internal surface of the treated arteries (C2) showed no adherent cells and platelets. After 12 weeks, the treated internal artery surfaces (E2 and F2) showed a similar morphology to the native carotid internal surface (images not shown). Original magnification 400× (A and C) and 1000× (A2 and C2) (adapted with permission from ref 33, copyright 2008 Elsevier).
chemically. In this case, initial cell adhesion is mostly mediated through electrostatic interaction (i.e., nonspecific) and, more indirectly, via serum proteins adsorbed onto the films.
The most frequently studied synthetic PEM is, by far, linearly growing and dense (PSS/PAH) film. Its thickness can be precisely varied from a few nanometers to a few tens of nanometers. 27 Cell types such as endothelial cells, 28 fibroblasts, 29 osteoblastic cells, 30 and hepatocytes 31 have been cultured on these films. As a general rule, adhesion and proliferation on these films are very good. This may be attributed partly to the presence of sulfonate groups. (PSS/ PAH) can be coated on the inner side of cryopreserved arteries 32 ( Figure 1 ). This improved the mechanical properties of the cryopreserved vessel. It also made possible the adhesion and spreading of endothelial cells so that the internal structure of the vessel resembles that of fresh arteries. By looking at the expression of specific endothelial markers, namely, PECAM-1 and von-Willebrand-factor (vWF), the authors proved that the phenotype of the endothelial cells was preserved. In a subsequent study of the same group, PEM-treated arteries (rabbit carotids) as grafts bypassed native (untreated) rabbit carotids. 33 The in vivo evaluation of cryopreserved human umbilical arteries treated with (PSS/PAH) multilayers demonstrated a high graft patency after 3 months of implantation. Such modified arteries could constitute a useful option for small vascular replacement.
In another study, the same group investigated the differentiation potential of endothelial progenitor cells (EPCs), which are currently seen as very promising cells in tissue engineering for the design of autologous vascular grafts. Very interestingly, a rapid differentiation of endothelial progenitor cells (EPCs) into confluent mature endothelial cells was observed on (PSS/PAH) multilayers, which was higher than on conventional surfaces. 34 Indeed, the time needed to obtain these mature cells was reduced from two months to two weeks. Human mesenchymal stem cells (MSCs) were also found to differentiate into endothelial-like cells after only two weeks of culture on the (PSS/PAH) films, as shown by the expression of PECAM-1 and vWF. Thus, (PSS/PAH) films appear to have potential for vascular tissue engineering.
Also using human MSCs, Guillaume-Gentil et al. showed that (PSS/PAH) films on conductive indium tin oxide (ITO) electrodes can be used as a platform for growing viable cell sheets. 35 In this study, films made of nine layer pairs ending with PSS and of ∼20 nm in thickness were used. The resulting stem cell sheets retained their phenotypic profile and mesodermal differentiation potency. The authors showed that both an electrochemically induced local pH lowering and a global decrease in the environmental pH resulted in a rapid detachment of intact stem cell sheets. Furthermore, they evidenced that the recovered stem cells sheets maintained their capacity to differentiate toward the adipogenic and osteogenic lineages.
2.1.2. Other PEM Films Made of Synthetic Polyelectrolytes. Another type of popular PEM assembly is the (PAA/PAH) system, which was initially developed by Rubner's group. 36 The thickness of these films can be varied by changing the pH of the assembly. 13 Interestingly, the topography of such films can be modified by post-treatment in acidic solution to render them either nanoporous or submicroporous. 36 Rajagopalan et al. 37 investigated the potential of such films for wound healing in the cornea, using corneal epithelial cells as cellular models, as the epithelium presents a physical barrier to external agents. During wound healing, corneal epithelial cells undergo proliferation and migrate to the wound site. In their study, they created pore diameters in the 100−600 nm range by post-treatment of (PAH/PAA) films in solutions of pH ranging from 1.9 to 2.5. Porous surfaces that exhibited either 100 nm (nanoporous) or 600 nm (submicron) pore diameters supported corneal cell adhesion, but the nanoscale porosity significantly enhanced corneal epithelial cellular response. Corneal epithelial cell proliferation and migration speeds were significantly higher on nanoporous topographies. The actin cytoskeletal organization was well-defined, and vinculin focal adhesions were found in cells presented with a nanoscale environment. These trends prevailed for fibronectin (FN 45 can be used as building blocks for PEM films. This type of PEM film provides compositional uniqueness, such as stimulating a specific cellular response, and serves as both mechanical and biochemical signals.
Type I collagen is a major protein component of fibrous connective tissues, which provides mechanical support and frameworks for the other tissues in the body. Collagen is a natural ligand for several cell receptors in the integrin family. Gelatin is a partially hydrolyzed and denaturated form of collagen.
HA, CS, and HEP belong to the family of glycosaminoglycans, which are made of disaccharide repeating units containing a derivative of an amino sugar, either glucosamine or galactosamine. They contain negatively charged carboxylate and/or sulfate groups. HA and CS are responsible for the unique hydration and mechanical properties of synovial fluid, cartilage, and tendons. HA and CS are highly hydrated polymers surrounded by respectively ∼20 and ∼30 water molecules per disaccharide unit in interaction through hydrogen bonds. 46 Importantly, these polysaccharides are part of the pericellular coat (also called glycocalyx). This coat, which can be up to several μm in thickness, 47 plays a major role in the interactions between a cell and its environment by mediating cellular adhesion and the diffusion of biomacromolecules such as growth factors. 48 HEP has several possibilities for sulfate groups. Some forms act as anticoagulants by binding specifically to antithrombin, which accelerates the sequestration of thrombin. This is why HEP is often used as an anticoagulant.
In an early study, gelatin was associated with polyethyleneimine (PEI) and deposited on a synthetic degradable poly(DLlactide) substrate. 49 Chondrocytes were found to attach and proliferate, and their viability was good on these PEM-modified scaffolds.
Gelatin was also associated with chitosan (CHI), a polysaccharide that is not present in the human body but can be found in crustacean shells, and deposited onto titanium films. 41 Here, the authors showed that the proliferation and viability of osteoblast cells on the PEM-modified titanium substrates were better than on control surfaces after 1 day and 7 days of culture in vitro.
COL has been associated with HA to build (COL/HA) films. 39 Interestingly, the fibrillar structure of collagen was preserved, as observed by AFM imaging of the films. The authors showed that chondrosarcoma cells spread well and synthesized the extracellular matrix components solely on the collagen ending films, whereas no cellular matrix was found for those ending with HA.
The introduction of HEP into PEM films is often applied to coatings of blood-contacting biomaterials. In fact, endothelialization and antithrombogenicity are two key issues in stent implantation. Heparin was initially introduced with PEI. 50 (COL/HEP) films have been employed as titanium coatings to study endothelial progenitor cell (EPC) attachment and proliferation. 51 In vitro, the (COL/HEP) greatly increased EPC attachment and proliferation, as only 3 days were required to form a confluent layer. Furthermore, platelet adhesion was found to be reduced on such coatings.
As CS is an important component of cartilage and bone tissues, the adhesion of bone cells to (CS/HEP) coatings was investigated. 52 When CS was used as a film component, the films displayed a low Young's modulus and cell adhesion was poor. However, the cells responded differently when CS was adsorbed onto a stiffer polypeptide PEM basis. Similar films made of (COL/HEP) and (COL/CS) were built on poly-(dimethylsiloxane) (PDMS) substrates, 53 with COL retaining its fibrillar structure. Whereas (COL/CS) films were stable in culture medium, (COL/HEP) were not. Primary bovine chondrocyctes were found to adhere better on PEM films than on tissue culture polystyrene. Interestingly, these authors showed that β1 integrin antibodies prevented cell spreading, suggesting that cell adhesion and spreading were specifically mediated by interactions with the collagen fibrils.
One advantage of these natural components is their ability to specifically interact with living cells, their bioavailability, and their possible biodegradability, as specific enzymes are present in tissue and biological fluids.
2.3. Role of the Final Layer: Surface Charge and Hydrophobicity. Because PEM films are 2D materials, not only their entire composition but also their surface composition is important. Surface charge can affect protein adsorption (depending on the pI of the protein) and ultimately cell adhesion. The typical functional groups of the polyelectrolytes are carboxylic acid, sulfate, sulfonate, as negatively charged groups, and amine, as positively charged groups. In the case of synthetic polyelectrolytes, PAA-ending films (carboxylic group) were found to be resistant to the adsorption of BSA, fibrinogen, or even to lysozyme, which is oppositely charged to PAA. 54 This was explained by the low charge density of PAA but also by its strong hydration, which creates an exclusion volume above the PAA layer. Usually, proteins adsorb preferentially onto films of opposite charge. 54, 55 For instance, PAHterminated films lead to a very high adsorption of proteins from the serum. 56 On PSS-ending films, certain serum proteins present in the cell culture medium, such as BSA, adsorb weakly 57 and may be implicated in the cell response to PSSending films.
However, it now seems to be accepted that protein adsorption alone cannot account for the significant differences in cell adhesion.
Depending on the cell type, cells may prefer positively or negatively charged film-ending layers. For instance, hepatocytes grown on the films made from synthetic polymers poly-(dimethyldiallylammonium chloride) (PDDA) as polycation and PSS 58 adhered only to the films terminated with a PSS layer and not to PDDA-ending films. However, other cells lines, such as fibroblasts, were less sensitive and adhered on both the PDDA and PSS-ending films.
In a different field of application, the differentiation potential of myoblast into myotubes was assessed. 59 The authors first investigated the growth of myoblasts on PSS or PAH-ending films with PSS of different molecular weighs. They found better viability and growth on PSS-ending films but observed that there was no difference for PSS of different molecular weights. They also followed differentiation into myotubes over 7 days and observed that it was more effective on PSS-ending films, as assessed by the higher fusion index. The molecular weight of the PSS had no influence.
Hydrophilicity/hydrophobicity are also known to influence protein interactions with the surface and cell adhesion, as well. Synthetic polymers were employed by Salloum et al. for investigating the combined effects of increasing surface charge and hydrophobicity 60 on vascular smooth muscle cell (SMC) adhesion. On the most hydrophobic surfaces, the A7R75 SMCs spread and were not very motile. Conversely, on the most hydrophilic surfaces, these cells adhered poorly and displayed characteristics of being highly motile.
It was shown that surface wettability, surface charge, and lateral structures could be controlled by changing the pH value of the HEP solution to acidic, neutral, or alkaline values during the multilayer assembly of PEI and HEP multilayer films, resulting in modulation of fibroblast adhesion. 61 All terminal layers were cytophobic, unless preadsorption of serum or of FN was achieved. The effect of the serum was more prominent on PEI final layers, probably as a result of their positive surface charge, whereas the effect of FN was more pronounced on HEP terminated multilayers, possibly as a result of its ability to bind FN specifically. The PEM films that were initially nonadhesive were also found to inhibit fibroblast growth. On the contrary, those favoring cell adhesion also induced higher cell growth and metabolic activity.
To conclude, surface charge and hydrophobicity of PEM films can have a significant impact on cell adhesion, in a manner that depends on the nature of the functional groups and on the cell types, as well.
2.4. Influence of Film Thickness. Some films are known to grow linearly over a wide range of conditions, whereas other PEM films grow exponentially. This is the case for (PLL/ PGA), 62 (PLL/HA), 63 and (PLL/CSA) 43 films built in physiological conditions (pH 7.4, 0.15 M NaCl). Film thickness is related to the ability of the polyelectrolyte to take up water, to the charge matching of the polyelectrolyte pairs, and to the affinity of the polyelectrolytes for each other.
14 Usually, PEM films made from highly hydrated polysaccharides and polyaminoacids yield gel-like films. In such cases, the films are very soft and hydrated, and cells adhere poorly to them. 64−66 On the contrary, as mentioned above (see section 2.1.1.), cell adhesion is usually good on (PSS/PAH) films, exhibiting linear growth. Film thickness can also be modulated by pH variations during film assembly, one of the best characterized PEM films in this category being (PAH/PAA) films. Rubner's group has plotted the film thickness matrix as a function of the pH of each polyelectrolyte solution, 13 with thick films being formed when the pH of PAA is close to 2, while highly stitched and dense films are formed at neutral pH. (PAH/PAA) films were found to be nonadhesive when films were built at pH 2 (thick films), whereas high adhesion was observed for films built at pH 6.5. This was attributed to the ability of the former films to swell.
67,68

MODULATION OF FILM MECHANICAL PROPERTIES
It is increasingly accepted that cell processes depend on the reciprocal and dynamic interactions of cells with their surrounding microenvironment, which includes biochemical and mechanical stimuli defined by neighboring cells and extracellular matrices. 69 Cells are mechanosensors known to transduce a mechanical signal into a biochemical signal or vice versa. Specific proteins are known to play a key role in this process, and among those are integrins. Integrins are transmembrane receptors that exhibit conformational changes in response to mechanical stimuli. 70 Some components of the adhesive structures of the cells that are formed during adhesion (e.g., focal adhesions) can also exhibit conformational changes and transducer forces. Many cell types are sensitive to the mechanical properties of the underlying substrate and respond by increasing their adherence, spreading, and proliferation.
In a pioneer study by Discher's group, decoupling (or independent adjusting) of the mechanical and chemical properties has been achieved, using model synthetic gels such as polyacrylamide gels grafted with COL at increasing densities. 71 The same group showed that altering polyacrylamide gel stiffness made possible MSC differentiation into neurons on soft PA gels, bone cells on stiff gels that mimicked collagenous bone, 10 and myoblasts for gels of intermediate stiffness. Other types of synthetic and natural polymeric materials with controlled mechanical properties have been developed, such as poly(ethylene glycol), 72 PDMS, alginate, 73 or hyaluronan. 74 Although a full decoupling of mechanical and chemical properties is the ideal goal, this is, in fact, very difficult to achieve. There are several reasons for this: First, many of the cross-linking strategies are based on a chemical modification of the material. Second, biochemical ligands are added by grafting it or by adsorbing it. Grafting involves a chemical modification at the surface of the material and adsorption, which relies on noncovalent interactions, and is a natural process that depends on the physicochemical properties of both the material and the protein.
PEM films are materials whose mechanical properties can be controlled in several ways, thus allowing cell studies on the films of different stiffnesses.
Different strategies employed for modulating the mechanical properties of PEM films have already been reviewed: adding "stiff" layers, 75 modulating pH during assembly, 76 chemical cross-linking by means of glutaraldehyde 77 or by means of a carbodiimide, 64 photocross-linking using photosensitive derivatives of the polyelectrolytes, 78, 79 or incorporating nano-objects into the film. 80 See Figure 2 .
As mentioned by Sukhishvili et al., 24 cross-linking is often applied to convert PEM films into "surface hydrogels". Often, soft and hydrated films do not exhibit stratification, but what is required here is rather a change in their "bulk" properties. The film is seen as a "surface adsorbed hydrogel" whose confinement provides it with very interesting properties for local changes in biochemical and mechanical properties. Of note, this modulation in mechanical properties over 1 or 2 orders of magnitude in Young's modulus can only be achieved if the film's stiffness in un-cross-linked conditions is sufficiently low.
3.1. Adding "Stiff" Layers. For instance, (PSS/PAH) films are already so stiff (Young's modulus of up to 100 MPa) that nobody has tried to stiffen them even more. Instead, they can be employed as a rigid barrier to stiffen (PLL/HA) films. 75, 81 Thus, by adding several layer pairs of (PSS/PAH) onto the (PLL/HA) basis, Vautier et al. 81 have shown that the adhesion of kidney epithelial cells progressively increased when the films became stiffer. In a very elegant manner, they have studied the influence of substrate elasticity on replication and transcription, using such PEM films as model substrates. The sequential relationship between Rac1 (a very important protein involved in cytoskeletal changes), vinculin adhesion assembly, and replication becomes efficient at above 200 kPa because activation of Rac1 leads to vinculin assembly, actin fiber formation, and, subsequently, to the initiation of replication. Above 50 kPa, transcription was correlated with the engagement of a specific integrin (αv-integrin), together with histone H3 hyperacetylation and chromatin decondensation, allowing little cell spreading. In contrast, soft substrates (below 50 kPa) promoted morphological changes characteristic of apoptosis, including cell rounding, nucleus condensation, loss of focal adhesions, and exposure of phosphatidylserine at the outer cell surface.
3.2. Modulating pH during Assembly. As shown by Van Vliet et al., the stiffness of (PAH/PAA) films assembled at different pH can be varied from 200 kPa to 142 MPa and can affect cell function. 76 They showed that the adhesion and proliferation of human microvascular endothelial cells strongly increased as the PEM became stiffer. 76 In another work, the same group adjusted independently the mechanical and chemical properties of films by modifying the film's surface with COL I or a mixture of COL I/decorin and studying primary hepatocyte adhesion and functions. These cells are widely considered to be ideal for constructing liver tissue models but are known to rapidly (within a few hours or days) lose their viability and phenotype functions upon isolation from the native in vivo microenvironment of the liver. They found that, on unmodified (PAH/PAA) surfaces, hepatocyte attachment increased with PEM rigidity, 82 but this trend was canceled when the PEM substrata was modified with COL I or with COL I premixed with the small proteoglycan decorin. They also demonstrated that hepatic albumin secretion (a marker for liver-specific protein synthesis) over two weeks decreased with increasing substrata stiffness, indicating that hepatocytes formed stable, spheroid aggregates preferentially on proteinmodified compliant surfaces, whereas cells detached from stiffer substrata after only a few days of culture. Such detachment was presumably due to the dominance of cell−cell over cell− substrata interactions. 82 3.3. Chemical Cross-linking. Chemical cross-linking by means of carbodiimide chemistry has been applied to various PEM films and quantified by means of infrared spectroscopy and AFM (atomic force microscopy) nanoindentations. 83 Amine and carboxylic groups are converted into covalent amide bonds 64 in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Chondrosarcomas, chondrocytes, 84 and osteoblasts, 66 were to adhere more when the (PLL/HA) or (PLL/PGA) film 66 stiffness is increased. For SMCs 85 and skeletal muscle cells, 86, 18 an increase in cell spreading on (PLL/HA) cross-linked films as well as on (PAH/ PGA) cross-linked films was observed.
The behavior of two different types of stem cell was investigated on (PLL/HA) cross-linked films: MSCs and embryonic stem cells (ESCs). MSCs represent a particularly interesting cell type for research and therapy because of their ability to differentiate into mesodermal lineage cells such as adipocytes, osteocytes, chondrocytes, cardiac muscle, or endothelial cells. 87 Zisch et al. observed that native (PLL/ HA) (i.e., un-cross-linked) showed poor adhesion for MSCs despite a high surface density of preadsorbed FN. 88 However, MSC adhesion and proliferation was very good on cross-linked (PLL/HA) films. Covalent attachment of FN was necessary to maintain the MSC over weeks for their differentiation. Furthermore, the MSC were capable of differentiating into osteocytes and chondrocytes upon culture with induction factors.
The behavior of ESCs on (PLL/HA) films has also been investigated. ESCs are derived from the inner cell mass (ICM) of the blastocyst at an early stage of embryonic development, following the segregation of the embryo into the ICM and the trophectoderm. 89 Blin et al. showed that ESC adhesion and proliferation increased on stiffer films. ESCs were also shown to keep their pluripotency when grown on native nanofilms, which prevented their adhesion. Their phenotype was more reminiscent of the ICM stage of embryogenesis. Furthermore, cells grown on native (PLL/HA) films exhibited a better potential for differentiation than cells grown on cross-linked films. These latter cells reached the epiblast stage, which had a more limited repertoire of differentiation.
The chemistry of the native film played an important role in the maintenance of ESC pluripotency. In fact, the native films, but not cross-linked ones, released a small amount of PLL, which was sufficient to induce the expression of ICM genes by the ESC cells.
This very small release may be related to the mechanical properties of the native (PLL/HA) film. Indeed, reflection interference contrast microscopy and confocal laser scanning microscopy experiments have evidenced that native (PLL/HA) film is rather a viscoelastic liquid whose equilibrium elastic modulus is zero. 90 This was not observed for EDC-cross-linked films.
3.4. Photo-cross-linking. Photo-cross-linking is another way of modifying a film's mechanical properties after film buildup, provided that one of the polyelectrolytes has a photosensitive group. 78 Pozos-Vasquez et al. also reported on the preparation of polyelectrolyte films based on PLL and HA derivatives modified by photoreactive vinylbenzyl (VB) groups. 79 The VB-modified HA incorporated into the films by UV irradiation, and the force measurements taken by atomic force microscopy proved that the rigidity of the cross-linked films increased up to four times. Adhesion of myoblast cells increased on the stiffest films.
These research papers, studying different cell types on different PEM films, highlight on the one hand the strong dependence of cell processes on both the mechanical and chemical properties of the substrata and, on the other, the difficulties for decoupling these two distinct properties. Thus, care is needed when concluding from the respective roles of these factors that are often correlated.
3.5. Incorporating Nanoparticles. Incorporating nanoobjects into an organic matrix is another way of stiffening it, and has already been widely applied to PEM films. 91, 92 Different types of nano-objects have been introduced as film components, including carbon nanotubes 93, 91 and montmorillonite; 94 evaluating the mechanical properties of these composite films displayed up to 2 orders of magnitude more on Young's modulus when compared with the pure polyelectrolyte. 95 The mechanical properties also depend on the nonaggregated or aggregated state of the nanoparticles. 96 Such composite assemblies with interesting mechanical and electrical properties appear particularly interesting for the coating of neuroprosthetic devices. 97 In a first study, Kotov et al. showed that thin PEM membranes containing single-walled carbon nanotubes (SWNT) supported extensive neurite outgrowth. 91 Later on, the same group demonstrated that mouse embryonic neural stem cells (NSCs) could be successfully differentiated into neurons, astrocytes, and oligodendrocytes with clear formation of neuritis on the PEI/ SWNT multilayer films. 80 NSCs behaved similarly to those cultured on the standard and widely used poly(L-ornithine) substratum in terms of cell viability, development of neural processes, and appearance and progression of neural markers.
More recently, synthetic PEI was replaced by the protein laminin, which is an important component of the extracellular matrix of the brain, to "humanize" the carbon nanocomposite film. 98 The authors found that the adhesion of NSCs up to 7 days in culture depended on the outermost layer and on the post-treatment (heating at 300°C for a very short time) (Figure 3) . The (SWNT/laminin) nanocomposites did not support cell adhesion unless they were stiffened by heating. The substrate that was most conducive to cell adhesion and attachment was the PEM film that contained SWNT as the topmost layer and that was heat treated. Extensive formation of functional neural networks was observed, as indicated by the presence of synaptic connections. Importantly, 98% of the cells were found to remain viable. Immuno-staining of specific neuronal markers MAP-2 (for neurons), glial fibrillary acidic protein, GFAP (for astrocytes), and nestin (for NSCs) was performed after 7 days of culture. Interestingly, it was found that differentiated neurons and glial cells were present in large amounts as a result of spontaneous differentiation caused by the physical properties of the SWNT/laminin composites. Furthermore, calcium imaging of the NSCs revealed generation of action potentials upon the application of a lateral current through the SWNT substrate. All together, these results appear very promising, as they indicate that the protein/SWNT composite can serve as the material foundation of neural electrodes with a chemical structure better adapted to longterm integration with the neural tissue 3.6. Modeling the Cell Response. There are still only a few models of cell interactions with PEM films. In a model of cell adhesive behavior on thin polyelectrolyte multilayers, Chan et al. 99 implemented a finite element analysis to help elucidate the trends observed in cell spreading, such as decreased cell spreading when the number of layer pairs in the film was increased (for very thin films of less than 100 nm in thickness). The authors correlated the focal adhesion area to the amount of work done by the cell during active mechanosensing. The film was modeled as a linear elastic material. An "effective stiffness" was defined to account not only for its mechanical properties but also for its thickness and for the number of focal adhesions recruited. Their results suggest that the energy consumed by the cells during active probing with a constant adhesion force regulates cell morphology and adhesion behavior.
Chemistry of Materials
Further modeling of cell/film interactions may help to better understand the role of various parameters in cell response.
BIOCHEMICAL FUNCTIONALIZATION
Biochemical functionalization can be achieved to activate a specific cellular signal. Presentation of a biochemical signal by the PEM films allows this signal to be spatially controlled at the cell adhesion site. The biochemical signal can also be potentially sustained for a long time period. Different strategies may be employed (Figure 4) . Figure  4A ) onto multilayers is a useful tool, usually achieved using COL or FN as adhesive proteins. These proteins are widely used by biomaterial scientists, 100 biophysicists, 71 and biologists, 101 as they are important ECM proteins and probably the best characterized. The aim is to provide specific attachment to the cells via integrin receptors.
Chemistry of Materials
Wittmer et al. 31 investigated the effect of various parameters on the attachment and function of three different types of hepatic cells, human hepatocellular carcinoma (HepG2) cells, rat hepatocytes, and human fetal hepatoblasts. To this end, they chose different types of PEM film, such as (PAH/PSS), (PLL/ PGA), or (PLL/ALG) films, and systematically studied the influence of composition, terminal layer, and rigidity (using EDC cross-linked films; see section 3.3). They also investigated the influence of a terminal layer of COL I or COL IV, a prominent extracellular matrix protein within the human liver parenchyma. In a first step, they studied cell attachment and growth over a 7-day period, and in a second step, they quantified albumin secretion of the confluent systems. Importantly, all the PEM systems produced albumin, indicating the presence of functional hepatoblasts and/or hepatocytes. The cross-linked (PLL/PGA) n -PLL films promoted the greatest level of function at 8 days. From the large set of conditions they studied, they conclude that film composition, terminal layer, and rigidity are key variables in promoting attachment and function of hepatic cells, while film charge and biofunctionality were somewhat less important.
Using (PAH/PAA) films as a matrix for hepatocyte attachment, Van Vliet et al. showed that adsorption of COL on the softest films (PEM built at pH 2) led to enhanced hepatocyte attachment, which was statistically similar to the stiffer, unmodified, and protein-modified substrata. 82 The effect of FN adsorption onto PEM films has also been investigated in some specific cases. For instance, Olenych et al. 68 found that FN bound best to PAH-terminated and Nafionterminated PEMs but poorly to PEM films terminated with a copolymer of PAA. A7r5 smooth muscle cells were found to adhere and spread well on the Nafion-terminated PEM surfaces. In contrast, cells spread less and migrated more on both FN-coated and uncoated PAH-terminated PEM surfaces. Interestingly, these results indicate that A7r5 cell adhesion, spreading, and motility on PEMs can be independent of FN binding to the surfaces.
Using (PLL/dextran sulfate) PEM films, Wittmer et al. 102 also showed, by means of quantitative measurements of FN adsorption, that FN adsorption on PLL-terminated films exceeded that on dextran sulfate-terminated films by 40%, correlating with the positive charge and lower degree of hydration of PLL-terminated films. They followed the attachment of endothelial cells (human umbilical vein endothelial cells) and found that PLL-ending films exhibited a greater extent of cell spreading than dextran sulfate-ending films. Furthermore, adsorption of FN led to an increase in cell spreading. For these PEM films, they concluded that the presence of FN was an important factor, more than film charge or layer number, in controlling the interaction between multilayer films and living cells.
On the basis of all these studies, it appears that it is not possible to draw a unique conclusion. In some cases, film composition and mechanical properties can be more important than the biochemical signal provided by the adsorbed ECM molecules. However, in the case of poorly adhesive films (especially soft PEM films), the biochemical signal may compensate and lead to engagement of integrin cell receptors, leading to increased cell attachment and spreading.
It should be noted that solely quantifying the adsorbed amount of protein is not predictive enough of the conformation of the protein on the PEM films. Indeed, conformational changes that occur upon protein adsorption are difficult to assess with quantitative methods because of the low amount of adsorbed amounts. Garcia et al. 103 showed that FN conformational changes can be detected by different antibodies recognizing specific protein motifs. Antibody binding also depends on the state of the molecule (stretched versus relaxed). 104 Such FN conformational changes can control switching between proliferation and differentiation. Last but not least, other proteins present in a much lower amount in the serum may act in synergy with the preadsorbed proteins.
Gold nanoparticles (AuNPs) were used as a tool for depositing cell adhesion proteins, fibronectin, and ephrinB3 on top of PEM films. 105 The authors studied cancer cell adhesion and found that it was affected by nanoparticle density, an optimum being observed for an intermediate nanoparticle density. Drastic changes in cell adhesion were observed, with the formation of protractions (lamellipodia and filopodia). Of note, the influence of the nanotopology here was higher than the influence of the coating of the AuNP. Interestingly, the authors also studied ephrin signaling by quantifying the expression of paxillin. They found that it was more effective when ephrin B3 was presented from the AuNP than when it was directly attached to the polymer film.
4.1.2. Grafting ECM-Derived Peptides. Selectivity, that is, specificity in adhesion, can be achieved by grafting peptides ( Figure 4B ) that are known to interact with specific cell adhesion receptors, typically integrins. In this case, only short sequences of ECM proteins are considered. The most prominent example is that of the RGD sequence, RGD being an important integrin-binding motif region in FN and COL, which has already been grafted to polymers using various strategies. 8 Using PEM, two different strategies have been developed. The first consists of grafting the peptide to one of the polyelectrolytes and then adsorbing the modified polyelectrolyte as a regular layer. The synthetic step is thus performed aside from the film buildup. PEM films with poor adhesion are excellent candidates for such functionalization, which was applied using PAH-RGD and PGA-RGD for cell attachment. 66, 106 PGA-RGD added as the outermost layer was shown to have a beneficial influence on osteoblast adhesion and proliferation. 66 In an elegant work by Werner et al., 107 it was shown that a laminin5-derived peptide grafted to PGA could induce specific cell adhesive structures in epithelial cells called hemidesmosomes and specifically activate β4 integrins. PAH-RGD was also found to increase adhesion on (PAH/PAA) films. 108 The osteoblasts exhibited a better differentiated phenotype on the pH 2.0 films than on the pH 6.5 films, with respect to calcium deposition. However, incorporation of another peptide (LHRRVKI) known to be a heparin binding domain did not support cell adhesion, growth, or matrix mineral deposition.
The second strategy consists of directly coupling the RGD peptide onto the film, using the carbodiimide EDC as a coupling agent. 109 This was achieved on (HA/CHI) films 4.2.1. Grafting of Hormones. A short peptide hormone, α-MSH (alpha-melanocyte-stimulating hormone), with antiinflammatory properties, has been successfully integrated into multilayer films. Initially coupled with PLL, α-MSH was effective toward melanoma cells that were induced to produce melanocortin. 112 Then, coupled with PGA and introduced into (PLL/PGA) films, it was efficient in annihilating the effect of a bacterial endotoxin that stimulated an inflammatory response in human monocytic cells. 113 The morphology of the monocytes was also affected by α-MSH as the cells formed many "fiberlike" protrusions not visible on standard (PLL/PGA) films.
Presenting Matrix-Bound Growth Factors.
It should be noted that grafting proteins is more difficult to control than grafting peptides, as the protein should not be denatured during the reaction. Conversely, as the precise active site in a protein is not always known or requires a special 3D conformation, the presence of the full length protein (and not of a peptide sequence) can be required to achieve bioactivity.
Up to now, two major strategies have been employed to provide films with a specific bioactivity using larger molecules such as growth factors ( Figure 4A ): (i) adsorption of the bioactive molecule as a regular layer. The deposition step has to be carefully chosen depending on the physicochemical properties of the protein (isoelectrice point, solubility depending on solution pH, and ionic strength) and (ii) adsorption and possibly postloading the bioactive molecule in the as-prepared films. Depending on the film's internal structure (thickness, porosity, internal groups, and charges), the bioactive molecule may simply adsorb at the film's surface or diffuse in it. Of note, if the PEM film is made of biodegradable polymers, then the bioactive molecule will be delivered in solution ( Figure 4C ). If it is not biodegradable, the bioactive molecule may partially diffuse out of the PEM film and is delivered to the basal surface of the cell.
Growth factors (i.e., proteins that can control growth and maturation of tissues, cell proliferation, division, and differentiation) are especially interesting in this respect.
The first strategy was applied for basic fibroblast growth factor (bFGF or FGF-2), a factor that is involved in cell proliferation and differentiation of a wide variety of cells and tissues. This factor was also deposited with CS by Shen et al., 114 who built (FGF-2/CS) films. These authors showed that approximately 30% of the incorporated FGF-2 was released within 8 days. In vitro cell culture found that the fibroblasts showed star-like morphology with plenty of pseudopods on the FGF-2 incorporated collagen film after 1 day of culture, and the collagen films assembled with FGF-2 had better bioactivity than that of the virgin one and the FGF-2 control.
The second strategy of adsorption on top of PEM films was also applied to FGF-2 by Tezcaner et al. 43 Using (PLL/CSA) films with adsorbed FGF-2, these authors showed that FGF-2 increased the number of photoreceptor cells attached and maintained the differentiation of rod and cone cells.
(CHI/HEP) film construction was achieved in the presence and absence of adsorbed FN and FGF-2. 115 The functional response of bone marrow-derived ovine MSCs to these PEM coatings deposited on TCPS and titanium was investigated. These authors found that FGF-2 adsorbed to heparinterminated PEMs with adsorbed FN induced greater cell density and a higher proliferation rate of MSCs than any of the other conditions tested, including delivery of the FGF-2 in solution, at an optimally mitogenic dose. This effect was observed for PEM-coated TCPS. However, surprisingly, the same effects were not observed when the FGF-2 was delivered from PEM adsorbed on titanium, and the response of ovine MSCs to adsorbed FGF-2 was not as strong as the response to FGF-2 delivered in solution. This requires further investigation.
More recently, the loading and release of FGF-2 from synthetic hydrolytically degradable multilayer thin films of various architectures were explored by Hammond's group. 116 Three parameters were studied: number of layers, counterpolyanion (heparin or chondrotin sulfate), and type of degradable polycation. The incorporated amounts were found in the range 7−45 ng/cm 2 of FGF-2, and the release time varied between 24 h and approximately 5 days. The effective bioactivity of the released FGF-2 was proved in vitro, as it promoted the proliferation of MC3T3-E1 preosteoblast cells. Interestingly, FGF-2 released from LbL films demonstrated increased ability of up to 8 times the negative control values to enhance proliferation, compared to the free FGF-2 (about 2 times). Importantly, none of the other film components (including CS and HEP) showed any proliferative effect on the preosteoblasts.
FGF-2 adsorption via heparin-based PEM was also applied to decellularized porcine aortic heart valve leaflets, 117 which are used in the replacement of diseased aortic valves. FGF-2 was found to be released slowly from the valve and was sustained over 4 days, while its biological activity was preserved, as proved by increased fibroblast viability.
As the immobilized growth factors can maximally retain their bioactivity, the LBL assembly would be a potential approach for constructing a bioactive substrate for biomedical applications.
Additional bioactivity can be provided for (PSS/PAH) films by adsorbing growth factors onto them or by adding them before the last deposited layer. Here again, the charge of the polyelectrolyte can influence cell adhesion, metabolic activity, and adsorbed growth factor. The first proof of effective bioactivity of two nerve growth factors was provided by Vodouhe et al. 118 First, the authors showed that better neuron viability was observed on (PSS/PAH) and (PLL/PGA) films in comparison to a simple monolayer. Second, they embedded two nerve growth factors, brain-derived neurotrophic factor (BDNF) and semaphoring 3A (Sema3A) into (PSS/PAH) films before depositing a final PSS layer. The adsorbed protein amounts were 95 ng/cm 2 for BDNF and 25 ng/cm 2 for Sema3A. They evidenced that the embedded proteins remained functional and available, even under two layers of polyelectrolytes. Both proteins modified the growth of the neurons either by increasing it (BDNF) or by reducing neurite length (Sema3A). Such PEM films would allow the direct presentation Vautier et al. 119 modified the surface of porous titanium implants with polyelectrolyte multilayer (PEM) films functionalized with vascular endothelial growth factor (VEGF). Of the two PEM systems investigated, poly(L-lysine)/poly(L-glutamic acid) (PLL/PGA) and (PAH/PSS), they selected a (PAH/ PSS) film made of four layer pairs ending with PSS for both its high efficiency to adsorb VEGF and its biocompatibility toward endothelial cells. Furthermore, they showed that it stimulated the proliferation of endothelial cells.
Chemistry of Materials
They demonstrated that VEGF adsorbed on (PAH/PSS) 4 maintains its bioactivity in vitro by measuring the phosphorylation of the endothelial VEGF receptor VEGFR2 and the specific activation of the mitogen-activated protein kinases (MAPK) ERK 1 / 2 pathway. This effect was correlated with specific activation of intracellular signaling pathways induced by successive phosphorylation of the endothelial VEGF receptor VEGFR2 and mitogen-activated protein kinases (MAPK) ERK 1 / 2 . Cells capable of differentiating and, in particular, stem cells that are multi-or pluripotent cells, are currently the subject of several studies thanks to their potential applications in tissue repair in situ and tissue engineering. Here again, growth factors are of special interest.
Dierich et al. 120 were the first to show the use of PEM films for the differentiation of embryonic bodies (EBs) into cartilage and bone. A poly(L-lysine succinylated)/PGA film, into which BMP-2 (bone morphogenetic 2) and TGFβ1 (transforming growth factor 1) had been embedded, was chosen for this purpose. They found that both BMP-2 and TGFβ1 needed to be present simultaneously in the film to trigger proteoglycan production and to drive the EBs to cartilage and bone formation. The same authors subsequently investigated the effect of a growth factor, BMP-4, and its antagonist, Noggin, embedded in a PLL/PGA film on tooth development. 121 They showed that these films can induce or inhibit cell death in tooth development and that the biological effects of the active molecules are conserved. The functionalized PEMs could thus act as efficient delivery tools for activating cells. This approach shows promise, as it could be used to finely reproduce architectures with cell inclusions and to provide tissue organization.
BMP-2 is another member of the BMP family that is particularly interesting for accelerating bone healing. 122 BMP-2 has been inserted into a film as a regular layer, but the successive washing steps do not allow a high amount of BMP-2 to be retained (less than 100 ng per substrate). 123 When it is combined with hydrolytically degradable polycations (β-aminoesters), several μg can be loaded and 10 μg of BMP-2 are released over a period of two weeks in vitro. 124 Of note, there was no initial burst (less than 1% is released in the first 3 h), as compared with commercial collagen matrices, which can release up to 60% of BMP-2. BMP-2 released from LbL films retains its ability to induce bone differentiation in MC3T3 preosteoblasts, as measured by induction of alkaline phosphatase and stains for calcium. In vivo, BMP-2 film coated polymeric scaffolds implanted intramuscularly in rats were shown to induce bone formation.
The adsorption strategy was also applied to BMP-2, which was shown to diffuse in cross-linked (PLL/HA) films. 16 Indeed, (PLL/HA) films are a reservoir for BMP-2, as very high amounts can be obtained (up to 7 μg/cm 2 ), and only a small fraction was released initially. The amount of BMP-2 trapped could be adjusted by varying both the number of layers in the film and the initial BMP-2 concentration in solution. The effective proof of bioactivity was obtained on myoblast cells: cells differentiated into myotubes on cross-linked (PLL/HA) films without BMP-2 in the films, but they differentiated into osteoblasts in a dose-dependent manner when cultured on the BMP-2 loaded films. The expression of alkaline phosphatase, a marker for osteoblastic activity, was dependent on the amount of BMP-2 loaded into the films. 16 If a mixture of heparin and hyaluronan is used as a polyanion in the film buildup, heparin is found to be preferentially incorporated. In this case, thinner and denser films are obtained, onto which only a small amount of BMP-2 can be adsorbed. Interestingly, the alkaline phosphatase (ALP) production by myoblast cells was found to be solely correlated to the amount of BMP-2 adsorbed or trapped in the film, independent of the film's internal chemistry. 125 Furthermore, the bioactivity of BMP-2 loaded in cross-linked (PLL/HA) films deposited on TCP/HAP granules, biomaterials used in orthopedic surgery as a bone substitute, was confirmed by in vivo studies in rats. 126 Induction of bone around the PEM-film coated implant (i.e., osteo-induction) was proved to be due to the sole presence of BMP-2, with the film itself being inert. In addition, the PEM film did not induce an inflammatory response in the surrounding tissues.
Other Types of Specific Interactions.
A receptor that is especially important for the healing of the endothelium is CD34. In the cardiovascular field, stent implantation is a common procedure, which may subsequently lead to in-stent restenosis (i.e., obstruction of the vessel) or even stent thrombosis. It is therefore important to stimulate healing of the endothelium in appropriate conditions. Ji et al. developed a strategy to mimic the natural endothelium healing mechanism that consists in stimulating neighboring endothelial cell (EC) migration or capturing the circulating endothelial cells directly from the blood circulation. 77 To this end, they immobilized an anti-CD34 antibody on heparin/collagen multilayers. They found that the PEM coating with or without the anti-CD34 antibody functionalization preserved good hemocompatibility but also promoted cell attachment and growth, notably, in a nonselective manner. However, the anti-CD34 antibody functionalized heparin/collagen multilayers could specifically promote the attachment and growth of vascular ECs at the expense of smooth muscle cells.
Specificity in the interaction may also be observed for other types of receptor. HA, which is an important polysaccharide component of ECM, is known to interact with several receptors. Among them is CD44, a cell surface glycoprotein involved in cell/cell adhesion, cell adhesion, and migration. B lymphocyte adhesion onto (CHI/HA) films was investigated by varying the deposition conditions, especially ionic strength and pH. 127 The authors showed that there was a specific interaction between the CD44 receptor in lymphocyte cells and HA. Furthermore, the deposition conditions of the films had an influence on the interaction, low pH and added salt being the preferred conditions for higher cell binding. This interaction was increased in conditions that favor loops and tails in HA. However, they also noticed that CHI-terminated films prepared without NaCl in the deposition solutions presented a similar high lymphocyte binding efficiency, which they attributed to increased electrostatic contributions.
The same group showed that it is possible to attach a superparamagnetic PEM patch to the membranes of T-and Blymphocytes using CD44-HA interactions.
128 B-cells responded to an applied magnetic field, and T-cells continued to chemokinetically migrate on intercellular adhesion molecule (ICAM)-coated surfaces following patch attachment.
However, it should be noted that, for other films that contain HA, such as (PLL/HA) films, no specific interaction with HA receptors has been evidenced. 129 This might be due to the fact that the films are cross-linked, which may affect the presentation of HA to the cell receptors as a result of its entanglement with PLL chains.
TOWARD MULTIFUNCTIONALITY
PEM coatings may offer new tools to tissue engineers and biophysicists, who need well controlled and well characterized biomimetic matrices. PEM coatings offer new potentialities when compared to classic synthetic materials, such as polyacrylamide gels 9 or poly(ethylene glycol), 130 by making use of both covalent and noncovalent interactions. The potentialities for manufacturing multifunctional coatings that combine, for instance, spatial organization and bioactivity, adjustable stiffness and chemistry, or adjustable stiffness and bioactivity, are apparently unlimited. Recent examples illustrate that we are now entering an area of new developments for the design of multifunctional films.
5.1. Three-Dimensional Microenvironments Containing Bioactive Films. PEM films can be considered as 2D matrices, even if they can be several tens of micrometers thick, in the sense that they cannot provide a sufficiently porous 3D scaffold for the cells to grow in. However, PEM films can be deposited on porous materials and provide additional properties for the biomaterial surface.
In a study describing further efforts to provide stem cells with a biomimetic niche environment, Nichols et al. 131 built an elegant scaffold with an inverted colloidal crystal topography reminiscent of bone marrow architecture, which was further coated with albumin/PDDA films. Bone marrow stromal cells were first allowed to attach to the scaffold. Subsequently, CD34+ hematopoietic stem cells were seeded in the scaffold to create a three-dimensional coculture. The authors demonstrated that the scaffold supports CD34+ cell expansion and B lymphocyte differentiation with production of antigen specific IgG antibodies. Recently, the same group achieved a further step toward mimicking the cell microenvironment of the bone marrow and thymus by presenting a Notch ligand (delta-like 1, DL-1) at the surface of the PEM film. 132 For this purpose, they used mononuclear cells derived from human umbilical cord that were positive for the surface marker CD34 (CD34+). After 28 days of growth on the PEM-coated colloidal scaffolds, the cells were found to be CD4+ and CD8-, an observation that was specifically due to the presence of the DL-1 Notch ligand. Without the DL-1 coating, the cells were shown to express a CD34 for 2 weeks, which indicated that the PEM-coated scaffold stimulated ex vivo hematopoietic stem cell expansion without notch signaling. In addition, the cells progressively developed their own ECM.
3D microwells are increasingly used for cell culture arrays. 133 Lynn et al. developed an approach to the fabrication and selective functionalization of amine-reactive polymer multilayers on the surface of 3D-polyurethane-based microwells. 134 These authors prepared film-coated arrays that could be chemically functionalized postfabrication by treatment with different amine-functionalized macromolecules or small molecule primary amines. They showed that spatial control over glucamine functionalization yielded 3D substrates that could be used to confine cell attachment and growth to microwells for periods up to 28 days. A dual functionalization could also be achieved by sequential treatment with two different fluorescently labeled cationic polymers: functionalization of the surface of the wells with one polymer and the regions between the wells with a second. This approach to dual functionalization opens perspectives for the long-term culture and maintenance of cell types, such as stem cells. 5.2. Bioactivity of Two Different Growth Factors. The group of Professor Hammond showed that is it possible to release, at precise doses, two types of potent growth factors, osteogenic BMP-2 (to induce bone regeneration) and angiogenic VEGF165 (to induce neovascularization), in different ratios in a degradable [poly(b-amino ester)/ polyanion/growth factor/polyanion] LbL tetralayer repeat architecture. 135 The amount of biologically active molecules loaded was precisely controlled by varying the number of tetralayers. Very interestingly, both growth factors were shown to retain their bioactivity in vitro: BMP-2 initiated differentiation of preosteoblastic cells and VEGF induced proliferation of endothelial cells. The authors also showed that the mineral density of the ectopic bone formed was about 33% higher in the case of the dual release ( Figure 5) , as compared to BMP-2 alone, which they attributed to an increased local vascular network.
5.3. Mechanical Stimulation and Delivery of Bioactive Molecules. PEM film properties may also be combined with mechanical stimulation or with electrochemical stimulation. In an elegant study, Lavalle et al. showed that (PLL/HA) films coated with PDMS substrates can be stretched and release an enzyme that is loaded in the bulk of the film and capped with a synthetic PEM barrier. 136 The biocatalytic activity of the film could be switched on/off reversibly by mechanical stretching, which exposed enzymes through the capping barrier, similar to the mechanisms involved in proteins during mechanotransduction. This opens new possibilities for triggering the release of bioactive molecules from the film "bulk".
Interestingly, a study by Schaaf et al. 137 showed that the adhesive state of fibroblasts can be changed from cytophobic to cytophilic simply by stretching a film with a cell repellent phosphatidylcholine−PAA layer as the final layer. In the aforementioned examples, the substrate supporting the PEM film is stretched in a controlled fashion.
The ability to construct stable ECM-based films on PDMS 138 has particular relevance in mechanobiology, microfluidics, and other applications. A combination of PEM with microfluidics appears to be highly promising. It was shown that PEM films can be deposited in a microfluidic device and that a pH gradient could be generated during multilayer formation. 139 The authors showed that cells started to migrate from the films built at pH 5 to those built at pH 9. Developments of PEM films in combination with electrochemistry also appear promising because biomolecules can be released from the films 140 as well as whole cell sheets. 141 Mechanical stimulus can also be provided by varying the film's stiffness. As mentioned previously, cells can respond actively to the rigidity of a substrate by exerting forces on it, which allows them to adhere and spread more or less, depending on the rigidity of the underlying matrix. Using (PLL/HA) films, we have shown that it is possible to combine film stiffness and presentation of the BMP-2 growth factor by the matrix. 142 Here, the PEM film offers the possibility of providing two independent stimuli: a mechanical stimulus and a biochemical stimulus that is known to impact cell differentiation. 16 By preparing films of different stiffness and by loading a known amount of BMP-2, we revealed that BMP-2 has a drastic effect on early cell adhesion (Figure 6a ), as well as on cell migration (Figure 6b ). This effect was especially potentiated when BMP-2 was presented from soft films. First, this highlights that biochemical stimuli can override mechanical stimuli in certain conditions. Second, this also proves that BMP-2 has an effect not only on cell differentiation but also possibly on the early stages of cell adhesion. This opens a route for studies on the interplay between growth factor presentation from the matrix (and associated cell signaling) and cell adhesion receptors involved in rigidity sensing.
Other types of stimulation such as light-triggered release of activated molecules 143 might also be used in the future to locally delivery bioactive molecules to cells, as they have shown promise in the delivery of cargo from microcapsules adsorbed onto the films. 144 
EVALUATION OF TOXICITY AND IN VIVO STUDIES
For translation of PEM-coated surfaces or PEM microcapsules into medicine, both the efficiency and toxicity of the PEM assemblies must be evaluated. It is already known that several single polycations are potentially cytotoxic, depending on the dose and site of injection. This is valid for PEI and PLL, 145 and for CHI as well. 146 Systematic studies for each specific case are thus required.
The biocompatibility of a single PEI layer was tested on both fibroblastic and osteoblastic cells. Pure titanium (Ti) and nickel−titanium (NiTi) alloy were coated with PEI, and morphology, adhesion, and viability were assessed for up to 7 days after seeding. The results show that the cells were less viable and proliferated less on PEI-coated titanium than on the Figure 5 . Two dimensional microCT scans (2D) and matched threedimensional reconstructions (3D) of excised PCL-bTCP half disk scaffolds, which were implanted in the intramuscular region of rats. Implants were coated with (i) no growth factor, (ii) 6 μg of single growth factor rhBMP-2, and (iii) 6 μg of single growth factor rhBMP-2 followed by 4 μg of rhVEGF165. The amount of growth factor loaded was determined by fabricating triplicate companion copies along with the implanted scaffolds, releasing the growth factors in vitro and performing ELISA detection assays. (Top row) Control scaffolds without growth factors produce no detectable bone over the duration of the study. Low levels of backscatter is caused by the polymer. (Middle row) In single growth factor rhBMP-2 films lacking rhVEGF165, bone formation is restricted to the periphery of the scaffold at 4 weeks (images not shown) and 9 weeks. (Bottom row) As a result of increased vascularity, scaffolds releasing rhVEGF165 demonstrate a smooth, continuous profile in the ectopically formed bone which matures from 4 weeks to 9 weeks to fill the entire scaffold. In all the images, the bone formed takes the shape of the scaffold and grows inward when VEGF is present. Images are an isosurface rendering at 0.25 surface quality factor at a level threshold of 640, as defined by the proprietary Microview software from GE Healthcare (reproduced with permission from ref 116, copyright 2011 Elsevier). control, suggesting that PEI is potentially cytotoxic. 147 On the other hand, (PSS/PAH) films deposited on human umbilical arteries showed good grafting behavior and no inflammation in a rabbit model after 12 weeks of implantation. 148 Coronary stents have also been coated with (CHI/HEP) films, and they were tested in vitro and in vivo in a pig model. 149 This PEM coating was found to be safe and efficient in promoting reendothelialization and intimal healing after stent implantation, in addition to having good hemocompatibility. Similarly, (PLL/ PGA) films have been coated on a tracheal prosthesis and implanted for up to three months. 150 For prostheses modified by PGA ending multilayer films, a more regular and less obstructive cell layer was observed on the endoluminal side, compared to those modified by PLL ending films. An antiinflammatory peptide grafted to PGA was found to be bioactive in vivo. No inflammation was observed in the case of BMP-2 delivered intramuscularly. 124, 126 De Geest et al. carried out an interesting study using a terrestrial slug, namely, Arion lusitanicus, as a nonvertebrate model organism to investigate mucosal irritation. 151 This slug has been used to test several pharmaceutical, as well as health care components in vivo 152 as an alternative to tests in mice, rabbits, or other nonhuman animals. They investigated the mucosal irritation potency of several classes of biopolymers, synthetic polyelectrolytes, and the reactive polyelectrolytes of oppositely charged polyelectrolytes, their complexes, and hollow multilayer capsules, which they intend to use in vaccines. 153 They found that single polyelectrolyte components induced tissue irritation. However, very interestingly, this response was dramatically reduced upon complexation with an oppositely charged polyelectrolyte, regardless of whether the polyelectrolytes were randomly complexed in water or assembled in a controlled fashion in multilayer capsules.
The chemical modification of polycations is also possible for decreasing their potential toxicity. By using PLL modified with PEG groups (PLL-g-PEG) and by assembling them with alginate, Chaikof et al. showed that individual pancreatic islets can be coated with (PLL-g-PEG/ALG) multilayer films. 154 These authors also demonstrated that additional biological specificity can be provided for the islets by depositing specific groups (such as biotin or azide functionalized-PEG). Very interestingly, they also showed that the functional capacity of islets to release insulin in a glucose-responsive manner was not adversely influenced by the PEM film. Indeed, the islets engineered with PEMs secreted statistically similar amounts of insulin at both basal and high glucose concentrations compared to untreated controls. Furthermore, by implanting these islets in vivo into mice through the portal vein and into the liver microvasculature, they proved that the survival and function of these PEM-coated cells.
All together, these studies show that it is possible to design PEM films with bioactive properties in vivo, which can be fully integrated in vivo without any noticeable toxicity. Here again, each engineered PEM system will have to be studied in the framework of a specific application.
CONCLUDING REMARKS
In the last 5 years, there have been considerable developments in synthetic and natural PEM assemblies for the coating of biomaterial surfaces and tissue engineering. An important aspect is the dynamic nature of mono-or multicellular systems (interactions between cells or cell/matrix) that occur over several hours, days, and weeks. Based on this survey, it appears that better defined applications and multifunctionalization using several strategies simultaneously have emerged. The various strategies that are used to noncovalently localize bioactive adhesion molecules and growth factors appear highly promising for future in vivo studies on tissue regeneration as well as for more fundamental mechanistic studies. PEMs may serve as new biomimetic matrices with controlled physical properties and controlled presentation of biochemical moieties, for investigating cell/material or cell/cell interactions. It is now acknowledged that the means of presentation of a bioactive molecule is a key point in its bioactivity and that matrix-bound presentation is much more physiologic than delivering growth factors in solution. 155 As we have seen here that many growth factors retain their bioactivities inside or on top of PEM films, we foresee that PEMs will help answer important biological questions such as the following: How do matrix-bound molecules interact with cell receptors and transduce biochemical signals, as compared to soluble molecules added in the culture medium? It will also be interesting to unravel the structure of the bioactive molecules inside PEM films and to understand the molecular mechanisms at the basis of their preserved bioactivity. General rules may emerge. This will require the use of new biochemical and biophysical analytical tools. PEMs will undoubtedly find a place alongside other well established materials such as polyacrylamide or polyethylene glycol hydrogels, which require covalent grafting for the coupling of chemical ligands.
The potentialities for manufacturing multifunctional PEM coatings are apparently unlimited. The design and pertinence of such architectures will rely on a strong multidisciplinary approach and will require collaboration between engineers, physical chemists, organic chemists, biochemists, and cell and stem cell biologists. In the burgeoning field of stem cells, PEM films also appear to offer a tool to maintain stemness or to guide cell differentiation. Besides being a 2D coating, their application in 3D mimetic architectures will be an original means of controlling supra-cellular organization. Thus, the reciprocal interactions between active cells and active PEM surfaces offer tremendous potentialities that will be explored in the future. 
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